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Summary
Objective: The primary goal of this study was to describe and evaluate conditions that could inﬂuence the precision and accuracy of
measuring in vivo cartilage thickness in the weight bearing regions of the knee from magnetic resonance imaging (MRI).
Design: Three-dimensional (3D) models of the femoral cartilage were created from segmented MR images. The weight bearing regions on
femoral cartilage were selected for the portion of the tibiofemoral joint that sustains contact during walking. Six regions of interest (three on
each condyle) were located on the femur. Average cartilage thickness was calculated over each region. The sensitivity of the precision of the
measurements to observer variability was evaluated using intra- and inter-observer reproducibility tests of cartilage thickness measurements
from the MRI-derived 3D models. In addition, the quantitative inﬂuence of a rule-based protocol for segmentation was evaluated using the
inter-observer reproducibility protocol. Accuracy tests were conducted on porcine knees by comparing 3D models from MR images and laser
scans across weight bearing and non-weight bearing regions.
Results: The precision was substantially better for the intra-observer tests (Coefﬁcient of variation (CV)Z 1e3%) than the inter-observer tests.
Adding a rule-based protocol reduced variability in inter-observer tests substantially (CVZ 6.6% vs 8.3%). Accuracy tests showed that the
central and weight bearing regions on each condyle were more accurate than boundary and non-weight bearing regions. In addition, these
results indicate that care should be taken when determining cartilage thickness of weight bearing regions with cartilage degenerations, since
the thickness of thinner cartilage can be systematically overestimated in MR images.
Conclusions: A rule-based approach can substantially increase inter-observer reproducibility when measuring cartilage thickness from
multiple observers. This improvement in inter-observer reproducibility could be an important consideration for longitudinal studies of disease
progression. In quantifying cartilage thickness, central and weight bearing regions on each condyle can provide more accurate measurement
than boundary and non-weight bearing regions with average accuracy ofG0.2e0.3 mm. An important ﬁnding of this study was that the weight
bearing regions, which are usually of the greatest clinical interest, were measured most accurately by sagittal plane imaging.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Accurate and precise assessments of in vivo cartilage
thickness are important for addressing a number of
fundamental and clinical research questions. For example,
the development of new methods for the prevention and
treatment of osteoarthritis (OA)1 requires an improved
understanding of the factors that inﬂuence the progression
of the disease. In particular, the mechanical loading during
walking has been shown to inﬂuence the progression of OA
at the knee2 as well as the outcome of treatment3, yet the
factors that inﬂuence cartilage thickness in the weight
bearing of the knee are not well understood.
Recently developed techniques4e6 to build three-dimen-
sional (3D) virtual computer models of cartilage from
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quantify cartilage morphology with better accuracy than
two-dimensional plane images. For example, a number of
studies of healthy subjects7e12 have revealed interesting
observations on the relationship between the structure and
mechanical environment of articular cartilage. However, the
majority of these studies did not separate weight bearing
regions from the non-weight bearing regions of the knee
joint, a condition that is important in the study of OA. As
noted above, progression and treatment outcome have
been related to the mechanical loads during walking. In
addition, it has been shown that the knee articular cartilage
has different local thickness and mechanical properties as
a result of different mechanical environment13e15. Thus,
there is a need for a method to quantify cartilage thickness
in the weight bearing areas of the knee. The evaluation of
the factors that inﬂuence the precision and accuracy of
thickness measurements is an important ﬁrst step towards
addressing this need.
The purpose of this study was to address the need for
assessing cartilage thickness in the weight bearing regions
of the knee by developing a reproducible method for
783Osteoarthritis and Cartilage Vol. 13, No. 9approximating the weight bearing regions of the femoral
cartilage of the knee during walking and identifying factors
that inﬂuence the precision and accuracy of in vivo
cartilage thickness measurements from MR images in
these regions.
Method
MR IMAGING
The protocol to obtain MRI was a fat-saturated 3D spoiled
gradient recalled echo (3D-SPGR) in sagittal plane with
TRZ 60 ms, TEZ 5 ms, ﬂip angleZ 40(, FOV
140! 140 mm, slice thickness 1.5 mm, 60 slices and
matrix 256! 256, scan time 10:18. Images were obtained
on a General Electric 1.5 T Clinical MRI scanner (GE
Medical Systems, Milwaukee, WI) with a standard transmit-
receive extremity coil. Approval of the institutional review
board (IRB) and informed consent were obtained prior to
scanning subjects. These parameters are similar to those
used by Perterfy et al.16 to diagnose cartilage status.
3D RECONSTRUCTION PROCESS
The 3D cartilage shape was reconstructed from MR
images using a multi-step process. The MR images were
enlarged to 512! 512 matrices for more accurate seg-
mentation. First, the distal femoral cartilage was segmented
using a semi-automatic B-Spline Snakes method4,17 with
manual boundary initialization and manual correction after
the algorithm was applied. This process took about 2.5 h for
each data set (60 slices) for accurate segmentation. The
segmented cartilage images were then stacked in parallel
and a Marching Cube algorithm18 was used to create a 3D
polygonal surface model of cartilage. The surface model
was subdivided into surfaces at the cartilageebone and
cartilageesoft tissue interfaces. For each vertex on the
surfaces, the thickness was calculated by ﬁnding the
closest vertex on the other surface4. This thickness
information was color encoded on the surface as a thickness
map.
WEIGHT BEARING REGION SELECTION
The weight bearing regions were selected based on
normal gait characteristics19, using the sagittal plane view
of the knee ﬂexion angle during normal walking as a guide
(Fig. 1).
The knee is ﬂexed from 0( to 30( during the stance
phase of walking, and from 30( to 60( during swing phase.
Fig. 1. General knee ﬂexion angle during normal walking.A cylinder ﬁtting method was used to ﬁnd a central axis
perpendicular to the sagittal plane using the overall
cartilage geometries. Tibiofemoral contact points were
identiﬁed on each medial and lateral compartment, and
solid lines were drawn from the central axis to the contact
points and deﬁned as 0(. Based on previous observations,
the tibiofemoral contact point on the lateral condyle occurs
at the most inferior point of the condyle, while the medial
condyle tibiofemoral contact point occurs about 20( anterior
of the lateral condyle contact point (Fig. 2). Three functional
regions were deﬁned: the anterior region 30e0(, the
middle region, 0e30(, and the posterior region, 30e60(
[Fig. 2(a,b)]. Based on previous cadaver studies on
tibiofemoral contact area using pressure sensitive ﬁlm at
full extension20, we estimated the width of the weight
bearing region as 20% of the overall maximal mediale
lateral cartilage width for each condyle [Fig. 2(c)]. These
regions included the central and thickest regions of each
condyle and excluded boundary regions.
REPRODUCIBILITY TEST
The reproducibility of the 3D cartilage reconstruction and
the measurements of average thickness of the weight
bearing regions on the distal femoral cartilage were
evaluated by conducting intra-observer, inter-observer and
knee repositioning tests using knee MR images of four
healthy male subjects (A: 28 years, B: 24 years, C: 54
years, D: 34 years). MR images were taken for the subjects
using the previously speciﬁed protocol after IRB approval
and informed consent were obtained. To evaluate intra-
observer reproducibility, two trained observers segmented
the MR images of subject A and built cartilage models on 5
separate days. The ﬁrst observer had the previous
experience of segmenting the articular cartilage for about
30 sets of knee MR images, and the second observer had
the previous experience of segmenting three sets of knee
MR images before entering this test. Average thicknesses
were calculated for the same weight bearing regions for the
cartilage models built on each day.
Inter-observer reproducibility was tested using four
observers who had varying levels of expertise in examining
MR images. This study included the two observers in the intra-
observer reproducibility. The third observer was an ortho-
pedic surgeon who had previously segmented three sets of
knee MR images. The fourth observer had previously
segmented approximately 10 sets of knee MR images.
Each observer built a cartilage model from the MR images
of subject B without any prior instruction or common rules
between observers. The same four observers were then
trained with the rule-based protocol21 described in Fig. 3,
and did the same segmentation and reconstruction process
again on the MR images of subject C.
The average thicknesses from the same weight bearing
regions were compared. Coefﬁcient of variation (CV, %),
deﬁned as 100 times standard deviation divided by the
average thickness, was calculated for the six weight
bearing regions of femoral cartilage. For comparison with
other studies, the CV of the total cartilage volume was also
calculated.
The testeretest reproducibility was tested using the MR
images of subject D. Subject D was scanned using the
same MRI protocol on 2 consecutive days at the same
time of day. Activity prior to the MRI was monitored
before each test to insure similar pretest loading. The
average thicknesses of each weight bearing region were
784 S. Koo et al.: Measuring cartilage thickness using MRIFig. 2. Cylinder ﬁtting method was used to ﬁnd a central axis perpendicular to sagittal plane using overall surface geometries. Tibiofemoral
contact points were identiﬁed on each medial and lateral compartment and solid lines were drawn from the central axis to contact points.
Anterior region, 30e0(, middle region, 0e30( and posterior region, 30e60( were calculated on each compartment separately. Arrows in (a)
and (b) indicate contact points (LA: lateral anterior region, LM: lateral middle region, LP: lateral posterior region, MA: medial anterior regions,
MM: medial middle region, MP: medial posterior region).compared for the two 3D cartilage models created from
the two MR images.
ACCURACY TEST USING 3D LASER SCANNING
The accuracy of the 3D cartilage reconstruction and the
thickness measurement were tested using distal femurs
from three porcine knees. MR images were taken for the
intact porcine knees using the protocol speciﬁed in the
previous section. The 3D cartilage models were recon-
structed from the MR images as previously described.
The porcine knees were then dissected immediately to
obtain the distal femurs. Each distal femur was attached
to an Acrylonitrile Butadiene Styrene (ABS) plastic
platform. A 3D desktop laser scanner (Model-15, Cyber-
ware, Monterey, CA) with accuracy of 50 mm in depth was
used to evaluate the accuracy of the 3D models. The
pitch between the measurements in each individual laser
scan was 300 mm over an 80 mm! 80 mm ﬁeld of view,
but we performed the laser scanning at 24 different
angles and registered these 24 overlapping scans using
the program CyDir (Cyberware, Monterey, CA)22. This
overlapping multi-scan technique increased the overallaccuracy to 50 mm. To minimize the error due to the
optical properties of cartilage23, we adapted a white
powder spray after testing its effect on various materials
including cartilage. This spray minimized the optical errors
with negligible change of surface thickness (less than
50 mm). The surface shape of cartilage including the
platform was obtained using a laser scanner. After the
initial laser scan, the cartilage on the distal femur was
removed in 6.0% sodium hypochlorite solution for 4 h.
The second laser scan was performed on the bony
surface of the distal femur with the platform. The two sets
of laser scan data were registered using the shape of the
platform to create an exact 3D model of the cartilage. A
summary of the entire process is given in Fig. 4. After the
second laser scan, the bone was kept in fresh 6.0%
sodium hypochlorite and its surface shape was re-
scanned at 48 h and 72 h to conﬁrm that the solution
was only capable of removing cartilage, not bone, from
the sample during this time period.
In order to measure the average thicknesses of the same
regions on each model, the two 3D models from MR images
and laser scans were registered by ﬁnding the best match
of overall surface geometries using the RapidForm softwareFig. 3. An illustration of the rule-based protocol; (a) Step 1: based on gray level intensity, identify those pixels that are deﬁnitely non-cartilage
and those that are deﬁnitely cartilage. Place the boundary line between these pixels. (b) Step 2: if the boundary is evident, but blurry, ﬁnd pairs
of adjacent pixels along the boundary that have large intensity differences. Use only these pixel pairs to deﬁne the boundary. (c) Step 3: in
areas where the boundary is not evident (due to other close structures), then do a smooth interpolation between the two closest points from
step 2, considering the previous and next slices.
785Osteoarthritis and Cartilage Vol. 13, No. 9Fig. 4. An illustration of the accuracy of the test process; the MR images of a porcine knee (a) were segmented and reconstructed into a 3D
model with cartilage thickness color encoded (f). Weight bearing and non-weight bearing regions were identiﬁed for this model (h). The same
porcine knee was dissected immediately after the MRI acquisition and laser scanned to obtain articular surface shape (b, c) and bone surface
shape (d, e). The two surfaces were merged to create the actual 3D cartilage shape with the thickness color encoded (g). The same weight
bearing and non-weight bearing regions were identiﬁed for this model (i) and compared with the MRI-derived 3D model.(Inus tech, Seoul, Korea). Average thicknesses were
measured for both the weight bearing regions and non-
weight bearing regions in both models. The thicknesses
were compared between 3D models from MR images and
laser scans over the entire surface.
Results
GENERAL THICKNESS DISTRIBUTION
General thickness distributions for healthy human femo-
ral cartilage and tibial cartilage in the knee of one of our
volunteers are shown for illustration of the method in Fig. 5.
There were several observations that were common to all
the knees in this study. The femoral cartilage in the knee
was thickest (4e5 mm) in the region of the femoral trochleawhere it contacts patellar cartilage. The femoral condyles
were thickest (3e4 mm) in the lateral middle and medial
middle regions (Figs. 2, 5). The thickest regions on the
femoral condyles were aligned with the thickest regions of
the tibial surface when the knee was placed near full
extension. The tibial cartilage on the lateral side was
generally thicker than the cartilage on the medial side. In
addition, the tibial cartilage was thicker than the femoral
cartilage on the matching condyle.
REPRODUCIBILITY OF MEASURING CARTILAGE
MORPHOLOGY USING MRI
The reproducibility test conducted on healthy human
cartilage demonstrated that inter-observer reproducibility
can be improved by a rule-based approach to the
segmentation. The intra-observer reproducibility test
786 S. Koo et al.: Measuring cartilage thickness using MRIFig. 5. Three-dimensional cartilage thickness distributions for a human volunteer were projected onto a plane to illustrate the variation of
cartilage thickness in weight bearing and non-weight bearing areas.showed good reproducibility (CVZ 1e3%) for both thick-
ness and volume (Table I).
As expected, the intra-observer tests were substantially
more reproducible than the inter-observer tests (Table II). In
addition, inter-observer tests had greater variability without
the rule-based protocol (CVZ 8.3% and 7.5% for thickness
and volume, respectively) than with the rule-based protocol
(CVZ 6.6% and 5.5% for thickness and volume, respec-
tively).
The testeretest reproducibility test showed that the
average difference in the thickness measured for the six
weight bearing regions was 0.10G 0.07 mm (approximately
4% of average cartilage thickness).
ACCURACY OF MEASURING CARTILAGE
MORPHOLOGY USING MRI
The accuracy was tested on both weight bearing regions
and non-weight bearing regions of the distal femoral
cartilage of three porcine knees [Fig. 4(h,i)]. The differences
between the thickness derived from the laser scan and MRI
were compared for the entire surface (Fig. 6). The differ-
ences were generally low in the weight bearing regions.
Table I
The CV [%] for thickness and volume of intra-observer reproduc-
ibility test results; CV [%] was calculated by the formula
100(standard deviation/average)
First observer Second observer
Thickness
Average CV [%] 2.1 2.9
Average thickness [mm] 2.06G 0.34 2.23G 0.43
Average SD [mm] 0.04G 0.02 0.06G 0.01
Volume
CV [%] 1.0 1.5
CV, coefﬁcient of variation; SD, standard deviation.There were larger differences on the lateral and medial
sides of specimen A and the medial side of specimen B.
The areas with larger errors had either a bone malformation
(lateral and medial sides, specimen A) or thin cartilage
(medial side, specimen B).
For each of the weight bearing and non-weight bearing
regions, the differences between the two thickness meas-
urements were normalized to the average thickness of that
region. These normalized differences are shown over 1 mm
intervals in Fig. 7. The differences were generally smaller in
weight bearing regions, as were the ranges of the differ-
ences. The results for weight bearing regions also showed
that the differences were systematically smaller in areas of
thicker cartilage.
Discussion
This study addressed a fundamental need for quantifying
cartilage thickness in the regions of tibiofemoral joint that
sustain load over the gait cycle. We have identiﬁed factors
that inﬂuence precision and accuracy of cartilage thickness
measurements in the weight bearing areas of the joint. This
study has also shown that the reproducibility of cartilage
Table II
The CV [%] for thickness and volume of inter-observer reproduc-
ibility of four observers without a rule and rule-based segmentation
Without rule Rule-based
Thickness
Average CV [%] 8.3 6.6
Average thickness [mm] 2.55G 0.39 3.01G 0.51
Average SD [mm] 0.21G 0.08 0.19G 0.05
Volume
CV [%] 7.5 5.5
CV, coefﬁcient of variation; SD, standard deviation.
787Osteoarthritis and Cartilage Vol. 13, No. 9Fig. 6. The color plots indicate the thickness differences between the laser scan and MR images over the entire surface for three porcine
knees. The regions with best accuracy (indicated by red in the color map) were in the weight bearing regions (enclosed by rectangles). The
regions with worst accuracy (indicated by blue) were in non-weight bearing areas. Note: on Specimen (a) y indicates a region of thin cartilage;
on Specimen (b) * indicates locations of bone cysts. No pathological conditions were found on Specimen (c).thickness measurements varies based on the observers
during the subjective portion of the segmentation and the
accuracy of cartilage thickness measurement from MRI-
derived 3D models is dependent on the region of interest on
the cartilage.
Precision is an important consideration when using
cartilage thickness measurement to evaluate cartilage
thinning on a prospective basis. MR images are inherently
noisy and blurry, so identifying tissue boundaries requires
interpretation, resulting in different boundaries for different
observers according to their level of expertise. Intra-
observer tests showed that each observer was highly
consistent in segmenting articular cartilage from MR images
comparable to other studies8,24, but the inter-observer tests
showed large deviations in segmenting the articular
cartilage.
The inter-observer test with a rule-based protocol showed
that the reproducibility can be improved by training
observers to use the same rules. While there have been
a number of studies7e12 of cartilage morphology using 3D
cartilage models generated from MR images, most of the
studies that used multiple observers9,24,25 did not specify
the training period or methods. Based on the results of this
study the sensitivity of the thickness measurements to
Fig. 7. Differences between the laser scan and MRI-derived
thickness were evaluated relative to the regional thicknesses for
1-mm interval in weight bearing and non-weight bearing regions.
The weight bearing regions showed smaller differences and
deviations than non-weight bearing regions. The graph for weight
bearing regions also showed that the difference gets smaller as the
cartilage gets thicker, thus the average difference was almost 10%
for 2e3 mm thick cartilage.changes over time can be improved by using the same
observer or training all observers with a common set of
rules. At some point a completely automated segmentation
could address the precision issue. However, even if
completely automated segmentation methods are used,
the rules for segmentation should be clearly deﬁned.
The results showed that the accuracy of the thickness
measurements from MR images was better in the weight
bearing regions than in the non-weight bearing regions
using measurements from 3D laser scan as the standard.
However, care should be taken in regions where patholog-
ical conditions such as bone malformation or cartilage
thinning are present. These issues can be addressed. For
example, the bone abnormality can be easily detected on
the plain MR images during segmentation and marked
on the thickness map. Similarly, as the cartilage thinned
near the boundaries for all three porcine distal femurs, the
accuracy declined. The thickness differences for weight
bearing regions shown in Fig. 7(a) suggest that the error is
systematic. While thinner regions are systematically over-
estimated, the distribution range was small. In addition, the
systematic overestimation suggests the possibility that
newer methods or protocols could be designed to improve
thickness measurements in regions of thinner cartilage.
The inﬂuence of object thickness, imaging direction and
MRI voxel anisotropy (image thickness over in-plane
resolution) in measuring the thickness of thin objects has
been described by Sato et al.26. They reported that larger
errors were associated with a decrease of object thickness,
increase of MRI voxel anisotropy and the decrease of the
angle between the normal vectors of the object surface and
imaging direction with the highest accuracy at 90(. In our
study, the MRI voxel anisotropy was 2.73 (1.5/0.55) and the
angles between cartilage surface normal vector and
imaging direction were between 60( and 90(. In this
situation, cartilage less than 2-mm thick is imaged thicker
than its actual thickness. In sagittal plane imaging, the
cartilage surface is closest to being perpendicular to the
imaging plane in the weight bearing regions, so the cartilage
morphology measurement is the most accurate in those
regions, while the boundary regions are less accurately
reconstructed because their surfaces are more closely
aligned with the image plane. This implies that the overall
thickness or volume measurements for cartilage that
includes the non-weight bearing regions or for thin
osteoarthritic cartilage can have larger errors. Higher
788 S. Koo et al.: Measuring cartilage thickness using MRIresolution MRI can achieve better reproducibility and
accuracy, but only when both in-plane resolution and slice
thickness are simultaneously improved to maintain low
voxel anisotropy. Though such scans may be impractical
because of the increased scan time, the factors addressed
in this study can help designing better MR protocols to
measure cartilage thickness.
Conclusion
This study has shown that the precision and accuracy of
cartilage thickness measurements derived from MRI are
inﬂuenced by several factors. Precision, an important
consideration for long term longitudinal studies of disease
progression, can be improved when using segmentations
from multiple observers by adapting a rule-based approach.
The weight bearing regions had better accuracy than the
boundary regions. Finally, care must be taken in regions
with underlying bone disease or thin cartilage since the
accuracy of cartilage thickness measurement can be
reduced in these regions. Taking the above factors into
consideration produced an average accuracy of
G0.2e0.3 mm for cartilage thickness of the weight bearing
regions. An important ﬁnding of this study was that the
weight bearing regions, which are usually of the greatest
clinical interest, were measured most accurately by sagittal
plane imaging.
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